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Protein evolutiona b s t r a c t
Escherichia coli 50-nucleotidase, a two-domain enzyme, dephosphorylates various nucleotides with
comparable efﬁciency. We have expressed the two domains individually in E. coli and show by liquid
state NMR that they are properly folded. Kinetic characterization reveals that the C-terminal
domain, which contains the substrate-binding pocket, is completely inactive while the N-terminal
domain with the two-metal-ion-center and the core catalytic residues exhibits signiﬁcant activity,
especially towards substrates with activated phosphate bonds (ATP, ADP, p-nitrophenyl phosphate).
In contrast, residues of the C-terminal domain are required for efﬁcient hydrolysis of AMP.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Escherichia coli 50-nucleotidase (5NT, E.C. 3.1.3.5) is a secreted
periplasmic 60 kDa enzyme that hydrolyzes mono-, di- and trinu-
cleotides, nucleotide sugars and bis(50-nucleosidyl)polyphosphates
[1,2]. The active site contains a dimetal center and resides at the
interface of two domains (Fig. 1) [3,4]. The larger N-terminal do-
main (residues 26–342 of the mature protein) contains the active
center with the catalytic Asp120-His117 dyad and two coordinated
metal ions (Fig. 1B). The C-terminal domain consisting of residues
362–550 forms the substrate speciﬁcity pocket. The two domains
are connected by a helix linker (residues 343–361, green in
Fig. 1A) [3–5].
In a number of crystallographic studies various protein
conformations of 5NT were observed differing in the relative
orientation of the two domains [3,6–8]. Experiments to trapthe enzyme in the open and closed states indicate that this
conformational change is crucial for the catalytic activity of the
enzyme [6–8]. Most multi-domain enzymes open and close an
interdomain cleft harboring the active site for a high catalytic
efﬁciency [9]. The 5NT domain motion is unique because the
large 96 domain rotation occurs around the center of the
C-terminal domain. The interdomain cleft does not open but
the active site residues slide along the interface [6]. While indi-
vidual conformational states have been characterized in detail
via X-ray crystal structures, information on the equilibrium and
dynamics of the conformational switch is lacking. NMR spectros-
copy is a powerful method to address these topics. However,
signal assignment for a 60 kDa protein can be demanding but
solved e.g., by the devide and conquer approach.
Here, we describe the expression and puriﬁcation of the
individual domains of 5NT. Via kinetic characterization we can
quantitatively evaluate the contributions of the domains to
substrate binding and catalysis in comparison to the full-length
enzyme for the natural substrates ATP, ADP and AMP as well as
the small artiﬁcial substrate p-nitrophenyl phosphate (pNPP). In
addition, we show that NMR signal assignment of the individual
domains will allow for future NMR analysis of the full-length
enzyme.
Fig. 1. Crystal structure of E. coli 5NT in the closed conformation (PDB:1HPU, chain C) [4]. (A) The N-terminal domain (residues 26–342) with two Mn2+ ions (pink) is colored
in yellow, the helix linker (residues 343–362) in green and the C-terminal domain (residues 363–550) in orange. The ADP-analog AMPCP (blue) is located between the two
domains. (B) Binding mode of AMPCP. The domains are colored as in A. Water molecules are shown as red spheres and interactions of the ligand with the protein as dashed
lines.
U. Krug et al. / FEBS Letters 587 (2013) 460–466 4612. Materials and methods
2.1. 5NT constructs
PCR-ampliﬁed genes encoding the two domains were cloned via
NcoI and XhoI (Fermentas, St. Leon-Rot/Germany) sites in pET28a
(Novagen, Madison, WI). All primers were ordered from bio-
mers.net (Ulm/Germany). The gene of the 5NT N-terminal domain
including the linker helix (in the following 5NT–NDom) was ampli-
ﬁed using the primers 50-CGATACACCATGGTAAAATTGCAGCGG
GGCGTG-30 and 50-CGTATACTCGAGCACTTCCAGCTGCGCTTTGCC-
30. After secretion into the periplasm and cleavage of the signal
peptide the construct contained the mature amino acids Y26–
V362 and had a molecular weight of 38.8 kDa. For cloning of the
5NT C-terminal domain (in the following 5NT–CDom) primers with
the sequences 50-CGATACACCATGGGCAAAATAGGCGAAACC-30 and
50-CGTATACTCGAGCTGCCAGCTCACCTCACC-30 were used. The
encoded construct of amino acids K363–Q550 had a molecular
weight of 21.7 kDa, including an artiﬁcial methionine and a glycine
at the N-terminus. No signal peptide was used for cytosolic expres-
sion of this domain, which lacks disulﬁde bridges.
The protein here referred to full-length 5NT consisted of
residues Y26–Q550 [8]. All protein constructs contained an
artiﬁcial leucine, glutamate and hexahistidine tag at the
C-terminus.
2.2. Expression
All 5NT variants were expressed and puriﬁed using virtually
identical protocols. E. coli BL21(DE3) cells harboring the respective
expression plasmid were grown at 37 C in LB medium with kana-
mycin (30 mg/l) to an OD600 of 0.5. Overexpression was induced by
adding 1 mM isopropyl b-D-thiogalactopyranoside. Four hours
after induction, cells were harvested by centrifugation and stored
at 80 C. 15N-labeling for the NMR measurements was performed
using modiﬁed M9 minimal medium containing 1 g/l 15NH4Cl
(EURISO-TOP, Saarbrücken/Germany), 100 mg/l thiamin hydro-
chloride, 1 mM MgSO4, 0.1 mM CaCl2 and kanamycin. The expres-
sion in a 15N background yielded 21 mg pure protein per 5 L
culture medium for full-length 5NT, 11 mg per 5 L medium for
5NT–NDom and 28 mg per 1 L medium for 5NT–CDom.2.3. Puriﬁcation
10 g of cells were incubated for 30 min at 4 C in 40 ml lysis buf-
fer (500 mM NaCl, 25 mM imidazol, 100 mM Tris, pH 8) supple-
mented with 20 mg lysozyme (Merck, Darmstadt/Germany),
3 mM MgCl2, 10 lg/ml DNaseI and one tablet of cOmplete, EDTA-
free Inhibitor Protease Cocktail (both Roche, Mannheim/Germany).
Cells were disrupted with a French Press and the solution was cen-
trifuged. The supernatant was applied to a 5 ml HisTrap™ FF col-
umn, washed with lysis buffer and eluted with a linear gradient
to 500 mM imidazole over 10 column volumes. Fractions were sup-
plemented with 0.1 mM EDTA. Further puriﬁcation steps were car-
ried out as described before [8] using a 53 ml HiPrep 26/10 column
in the desalting step, a MonoQ 10/100 GL column in anion ex-
change chromatography and a Superdex 200 16/60 in size exclu-
sion chromatography. All columns were purchased from GE
Healthcare. The protein was concentrated to 15 mg/ml and stored
at 80 C in size exclusion buffer (20 mM Tris, 50 mM KCl, 0.5 mM
EDTA, pH 8.5). The protein concentration was determined spectro-
photometrically at 280 nm.2.4. Enzyme kinetics
The reaction buffer used for determination of the speciﬁc activ-
ity consisted of 20 mM BisTris (pH 7.0), 50 mM KCl and 20 mM
CaCl2. CoCl2 was added to a concentration of 5 mM shortly before
starting the reaction. The 5NT protein samples were diluted in
reaction buffer supplemented with 50 lg/ml BSA to prevent adhe-
sion to the reaction tubes and with 5 mM CoCl2. The reactions were
started at room temperature by addition of 180 ll of reaction buf-
fer containing the respective concentration of substrate to 20 ll of
protein sample. Released phosphate was detected according to a
modiﬁed malachite green assay [10,11]. The reaction was re-
stricted to 10% phosphate release. After 20 min of color develop-
ment the samples were measured at a Tecan-Sunrise Microplate
Reader (Crailsheim/Germany) at a wavelength of 620 nm. Experi-
mental data were ﬁtted according to Michaelis–Menten using
OriginPro 8G. It should be pointed out that the substrate concen-
trations used here were partly not sufﬁcient to reach the saturation
plateau. Due to an increased autohydrolysis of the substrates it was
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chite green assay. With the assumption that the AMP concentra-
tion was much smaller than the Km-value the speciﬁcity constant
of 5NT–NDomwith AMPwas calculated from the slope of the curve
shown in Fig. 4B.
2.5. NMR experiments
In preparation for the NMR experiments samples were dialyzed
three times against the 100-fold sample volume of 50 mM sodium
phosphate buffer (pH 7.0). After addition of 10%D2O 1H/15N-TROSY-
HSQC spectra were acquired with a Bruker Avance III 800-MHz
spectrometer equipped with a cryogenic triple resonance at
308 K. The protein concentrations in the NMR experiments to re-
cord the spectra were 0.6 mM for full-length 5NT, 0.5 mM for
5NT–NDom and 0.7 mM for 5NT–CDom. Spectra, typically recorded
for 2.5 h, were processed using NMRpipe [12] and analyzed using
NMRview [13]. A spectrum of full-length 5NT in presence of a sub-
strate analog was recorded after addition of 2.4 mM AMPCP (Sigma
Aldrich, Germany).Fig. 2. 1H/15N-TROSY-HSQC NMR spectra of E. coli 5NT variants. (A) The spectra of 5NT–N
5NT (black). In (B) a section (indicated by the box in A) of the superposition of spectra of a
AMPCP (black) and in the presence of a fourfold excess of AMPCP (red). The spectrum f3. Results
3.1. 5NT domains fold independently
Based on the known crystal structures [3,4,8] the N- and C-ter-
minal domains of E. coli 5NT divided at positions 342–343 were
cloned and expressed individually. To verify the structural integ-
rity of both domains on a residue level NMR spectroscopy was em-
ployed. Full-length 5NT and both domains showed well dispersed
1H/15N-correlation spectra indicating properly folded proteins
(Fig. 2). Moreover, the superposition of spectra of the individual
domains (Fig. 2A and B) and full-length 5NT clearly illustrates, that
the majority of NMR resonances show very similar chemical shifts.
Therefore, the overall fold of the domains remains intact upon sep-
arate expression.
It was crucial to express the 5NT–NDom construct with the lin-
ker helix (residues 343–361). A variant lacking this part of the
structure results in a 1H/15N-TROSY-HSQC spectrum with typical
characteristics of a protein only partially structured (Fig. 2D).
Besides some cross signals with good dispersion most of the signalsDom (red) and 5NT–CDom (green) are superimposed on the spectrum of full-length
ll three proteins is depicted. (C) Superimposition of full-length 5NT in the absence of
or 5NT–NDom lacking the linker helix (residues 343–362) is shown in (D).
Fig. 3. Interactions between the E. coli 5NT N-terminal domain (yellow) and the helix linker (green). Residues with hydrophobic and polar interactions are colored in gray and
red, respectively.
Table 1
Kinetic parameters of full-length 5NT and 5NT–NDom determined at room temper-
ature for hydrolysis of AMP, ADP, ATP and pNPP in presence of 5 mM CoCl2 and
20 mM CaCl2.
kcat (s1) Km (lM) kcat/Km (M1 s1)
Full-length 5NT
AMP 459.1 ± 4.5 12.91 ± 0.85 (3.56 ± 0.24)  107
ADP 613.2 ± 5.4 54.7 ± 2.4 (1.122 ± 0.051)  107
ATP 757 ± 16 20.9 ± 2.8 (3.62 ± 0.49)  107
pNPP 40.8 ± 2.9 5713 ± 783 (7.1 ± 1.1)  103
5NT–NDom
AMP n.d. n.d. (2.89 ± 0.13)  101,a
ADP 45.6 ± 6.7 10151 ± 2107 (4.5 ± 1.1)  103
ATP 36.5 ± 5.1 6807 ± 1499 (5.4 ± 1.4)  103
pNPP 129 ± 26 21173 ± 5761 (6.1 ± 2.1)  103
a Calculated from the slope of the curve in Fig. 4B.
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unfolded or aggregated protein. An explanation for this behaviour
is found upon close inspection of the interactions between the
helix linker and the core of the N-terminal domain (residue 345–
360) which are dominated by hydrophobic interactions (Fig. 3).
The removal of the linker helix leads to exposure of this hydrophobic
patch and possibly results in misfolding of 5NT–NDom. This also
accounts for the observed reduction of activity of about 80% when
5NT–NDomwas expressed without the helix linker (data not shown).
The 1H/15N-TROSY-HSQC spectrum of full-length 5NT shows
relatively sharp and well separated signals for a 60 kDa protein
(Fig. 2). This indicates a non-concerted, largely independent mo-
tion of both domains in the full-length protein. This motion gets
not signiﬁcantly affected upon binding of the non-hydrolyzable
ADP-analog AMPCP on the chemical shift time scale of full-length
5NT. The addition of a fourfold excess of AMPCP gave correlation
spectra of the same quality in respect to line width dispersion
(Fig. 2C). The majority of cross peaks do not change chemical shift
position. Several residues experience chemical shift changes indi-
cating AMPCP binding.
3.2. Only the N-terminal domain has intrinsic catalytic activity
The enzymatic turnover and the kinetic parameters of full-
length 5NT, 5NT–NDom and 5NT–CDom for the hydrolysis of
ATP, ADP, AMP and pNPP were determined in the presence of
Co2+ and Ca2+ (Fig. 4, Table 1). After puriﬁcation in the presence
of EDTA, the enzyme contains no bound metal ions, as indicated
by crystal structures in the absence of added divalent metal ions
(data not shown). Combination of Co2+ and Ca2+ ions were de-
scribed to maximally activate the full-length enzyme and it is thus
likely that the dimetal center is occupied by one Co2+ and one Ca2+
in the enzymatic tests carried out here [1].
3.2.1. Substrate speciﬁcity of full-length 5NT
E. coli 5NT hydrolyzes all three nucleotides with high efﬁciency
and shows a preference for AMP and ATP over ADP. The catalyticefﬁciency (kcat/Km) is more than 1000-fold higher towards the
nucleotides compared to pNPP (Table 1). Most likely, the small
substrate pNPP is not able to bind to the substrate binding pocket
and thus forms no speciﬁc interactions with the protein in addition
to the interactions of the phosphate group [7]. Km and kcat for the
hydrolysis of pNPP determined here are in good agreement with
previous data [7]. The Km values of 12.9 lM determined for AMP
and 20.9 lM for ATP are lower than the previously determined val-
ues of 33 lM [1], 45 lM [2], 74 lM [7] and 93 lM [14] for AMP and
120 lM [1] for ATP. These differences might be caused by different
protein constructs, protein preparations, buffers, metal ion compo-
sitions and pH-values used in the various studies. Furthermore,
substrate inhibition by AMP, ADP or ATP as described before
[2,7,15] was not observed in our assays (Fig. 4). Since very similar
buffer conditions have been used in the previous studies, the cause
of this difference remains unclear. One possibility is that contami-
nations of inhibitory metal ions (present in the substrate stock
solution) caused the inhibition at high substrate concentrations.
To the best of our knowledge, catalytic parameters for the
hydrolysis of ADP by E. coli 5NT have not been described before.
Fig. 4. Michaelis–Menten kinetics of the turnover of nucleotides and pNPP by full-length 5NT (A, C, E, G) and 5NT–NDom (B, D, F, H) in the presence of 5 mM CoCl2 and 20 mM
CaCl2.
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5NT–NDom hydrolyzes adenine nucleotides as well as pNPP
(Table 1, Fig. 4). For AMP only low turnover was observed.Although it was not possible to ﬁt the kinetic constants kcat and
Km to the data, we estimated the speciﬁcity constant kcat/Km from
the slope of the curve (Fig. 4B). It is reduced by a factor of about
108 compared to the reaction of full-length 5NT with AMP. With
U. Krug et al. / FEBS Letters 587 (2013) 460–466 46545 and 36 s1, the turnover numbers of 5NT–NDom for ADP and
ATP, respectively, are also decreased compared to the full length
protein, but only by a factor of 13–20. These large differences in
the cleavage of AMP compared to ADP and ATP by 5NT–NDom
are likely to originate from the nature of the hydrolyzed bonds to
the terminal phosphate group. The phosphoanhydride bonds in
ADP and ATP are more labile than the ester bond cleaved in AMP.
The phosphate groups of ADP and AMP are good (thermodynami-
cally stable) leaving groups. In contrast, the alcoholate resulting
from AMP cleavage is thermodynamically unstable and hence a
weak leaving group. An activated phosphoester bond is also pres-
ent in pNPP. The aromatic ring with the nitro group withdraws
electrons from the O–P-bond and stabilizes the phenolic leaving
group. Thereby, it facilitates the nucleophilic attack on the phos-
phate group and expulsion of the p-nitrophenolate. The kcat of
5NT–NDom for pNPP is threefold higher than the kcat for ADP
and ATP (Table 1, Fig. 4).
Interestingly, the turnover of pNPP by 5NT–NDom is more than
threefold higher in comparison to the full-length enzyme. This
observation might be caused by a better accessibility of the active
site cavity in 5NT–NDom. In full-length 5NT the presence of the C-
terminal domain might hinder active site access for the small sub-
strate, which does not require the C-terminal domain for binding.
For 5NT–CDom no hydrolysis of the nucleotides or pNPP was
observed although Ca2+ and Co2+ were present in the assay buffer.
The C-terminal domain alone is catalytically inactive due to the
lack of the dimetal center and the Asp-His dyad. Binding of the
three arginines R375, R379 and R410 to the phosphate groups of
the substrates alone does not confer any measurable rate enhance-
ment of the hydrolysis reaction.
Formation of the full-length protein in solution by mixing equi-
molar amounts of the two domains was neither observed in a na-
tive PAGE nor by any increase in the hydrolytic activity in the
activity assays (data not shown). These ﬁndings indicate that the
interactions between the two domains are too weak to reconstitute
the full-length protein from the two folded individual domains
without the presence of a covalent linker connecting both domains.4. Discussion
4.1. Implications for the catalytic mechanism
The differences in the catalytic behavior of full-length 5NT and
5NT–NDom are related to the active site structure, which is formed
at the domain interface (Fig. 1B). The adenine base and the ribose
are bound by the C-terminal domain whereas the phosphate
groups form contacts to N116, H117 and metal ion 2 of the N-ter-
minal domain as well as R375, R379 and R410 from the C-terminal
domain [4]. Assuming a similar binding mode of the terminal phos-
phate group to 5NT–NDom the interactions of the phosphate
groups must be weakened compared to full-length 5NT as the argi-
nines are not present to coordinate the phosphate groups and to
provide electrostatic stabilization. An interesting result of the pres-
ent study is that in contrast to earlier suggestions [4] the data
determined for 5NT–NDom demonstrate that R375, R379 and
R410 are not necessary for binding of the substrate phosphate
groups or for transition state stabilization. This is indicated by
the high catalytic turnover numbers of 5NT–NDom for ATP, ADP
and pNPP. Based on the proposed mechanism [4], these results
demonstrate that in 5NT–NDom H117 and the metal ions are suf-
ﬁcient for transition state stabilization of these substrates.
As mentioned in the previous section, the greatly reduced activ-
ity of the N-terminal domain to hydrolyze AMP (as opposed to ATP,
ADP and pNPP) is likely due to the less activated ester bond and
poor alcoholate leaving group in AMP. The coordination of thephosphate group by the arginines of the C-terminal domain and/
or the orientation of the AMP substrate for productive binding by
the ribose and the adenine base binding pocket of the C-terminal
domain are obviously essential for efﬁcient hydrolysis of AMP.
For efﬁcient expulsion of the leaving group, protonation of the
instable alcoholate is necessary. In the assumed Michaelis complex
based on the AMPCP cocrystal structure, there is no protein residue
positioned to fulﬁll this role (Fig. 1B). The leaving group might be
protonated by a water molecule. Alternatively, H117might provide
a proton, but it is 5.0 Å away from the leaving group (in the AMPCP
model). This distance might be smaller in the transition state com-
plex. It is also possible that the AMPCP structure is no good model
for the productive AMP binding mode. In any way, H117 is also
present in 5NT–NDom and thus cannot explain the different reac-
tivity of full-length 5NT and 5NT–NDom towards AMP.
As no structural data of 5NT–NDom in complex with a substrate
are available up to now we can not rule out that new interactions
are formed to stabilize the binding of the substrates. However, the
kinetic data with Km values in the mM range imply that these
interactions would not be as strong as in full-length 5NT. In agree-
ment with the suggestion that in full-length 5NT the artiﬁcial sub-
strate pNPP does not bind to the C-terminal domain [7], the
speciﬁcity constant of full-length 5NT for pNPP is comparable to
those of 5NT–NDom for ATP and ADP.
4.2. Structure and function of the two 5NT domains in related proteins
5NT belongs to the calcineurin superfamily of phosphatases
containing a dimetal center in the active site [5,16]. However, only
the N-terminal domain is related to this protein superfamily. In
some of these metallophosphatases, the N-terminal domain is cat-
alytically active without the requirement of additional domains,
e.g., in the mammalian purple acid phosphatases [17–20]. This
demonstrates the ability of this domain to independently catalyze
the hydrolysis of phosphoesters or anhydrides. The dinuclear metal
ion center and the catalytic H117 are the conserved essential ele-
ments for catalysis [4].
The structure of the C-terminal domain is almost unique to the
50-nucleotidases. A DALI search [21] for related domains revealed
that the C-terminal domain is currently only found in the 50-nucle-
otidases and the thiosulfohydrolase SoxB (alignment of 169 Ca,
rmsd of 2.4 Å, PDB:2WDF). SoxB is an enzyme hydrolyzing a sul-
fur–sulfur bond. Both domains of SoxB are related to 5NT. Despite
the similarities and the presence of a dimetal center, SoxB shows
considerable differences. No domain motion was observed, the cat-
alytic dyad is missing and the active site residues in the C-terminal
domain are arranged differently [22]. As only the binding of the
substrate analog thiosulfate is shown, not many interactions with
the C-terminal domain are characterized. Nevertheless, it is very
likely that similarly to 5NT the C-terminal domain is responsible
for binding and positioning of the substrate and not for the core
catalytic steps.
Furthermore, independent expression of the two domains pro-
vides an effective strategy forNMRsignal assignment. The expression
of each domain in a 2H/13C/15N background is possible with a yield
comparable to the 15N-labeled protein (data not shown). The binding
of AMPCP provided NMR spectra of comparable quality allowing
structural and dynamic studies at residue resolution for the holo
enzyme. This opens the way to NMR experiments to study the
dynamics of the unique domain motion of the enzyme in solution.
In summary, our data show that catalysis in 5NT depends
mainly on the N-terminal domain which is structurally related to
a variety of other dinuclear metallophosphatases. On the other
hand, the presence of the evolutionary not widely distributed C-
terminal domain enhances the catalytic efﬁciency for non-acti-
vated substrates. It also provides the speciﬁcity for nucleotide
466 U. Krug et al. / FEBS Letters 587 (2013) 460–466substrates by increasing the local concentration of the nucleotide
substrates recognized by its speciﬁcity pocket. Thus, 5NT is an
interesting example where the catalytic efﬁciency of an enzyme
can be dissected to contributions from two evolutionary indepen-
dent domains, one being predominantly responsible for the cataly-
sis of the core chemical steps and the second for providing
substrate speciﬁcity by binding the ribose and base moieties of
the nucleotides.
The majority of the cross signals derived from the two domains
could be superimposed on the signals given by full-length 5NT. For
both domains more than 90% of the expected signals were ob-
served likely enabling numerous assignments of the 60 kDa full-
length 5NT protein with the individual sets of spectra.
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